AD-AIOO  626  JATCOH  ALCXANCMIA  VA 

ANALYSIS  Of  A  BADAOBANO  CCACNKOV  AMfLIf ICR* CU) 
MAR  60  J  VOMVORIOIS*  R  SMITH 
UNCLASSIF ICO  JATCOR-PSO-200-60-001-rR 


N000I6-76-C-0613 

NL 


_ JA  YCOR 

6) 

ANALYSIS  OF  A  BROADBAND 
CERENKOV  AMPLIFIER 


JAYCOR  Project  6101 
Contract  No.  N00014-78-C-0613 
Report  No.  PSD-200-80j-001 -FR 

imoTw  m  imx«  k»xasb 

PXSTRIllUUO*  uK.iinis> 

John  Vomvoridis 
Robert  Smith 

March  1980 


JAYCOR 

205  S.  Whiting  Street 
Alexandria,  VA  22304 


Submitted  to: 


Office  of  Naval  Research 
Arlington,  VA  22217 


JA  YCOR 


CONTENTS 

EiSe 


I.  INTRODUCTION . I-l 

II.  ANAL/SIS .  II-l 

A.  Physical  Model . I  I-l 

III.  APPROXIMATE  SOLUTION  OF  THE  DISPERSION  RELATION  .  III-l 

IV.  DISCUSSION  AND  CONCLUSIONS . IV-1 

Summary . IV-3 


TITLE'  (U>  ULTRA—UIE'ESAnD  GrROTrDH  STUDIES 

AGEHCV  ACCESSION  NO'  DHS75730 

DATE  OF  SUOnARY  ■  15  DEC  3-G 

r.TLi'.nsin  j  i/f-f.'E  K  rt-t’VjC. }  •  if  iJc.L  a’u 

SECURI'''V  OF  UORK  •  UNCLASSIFIED 

S  ■?■  T  AREAS  ■ 

’304&’30  C  OFiRQNENT S 

•335733  ELECTRONIC  &  ELECTRICAL  ENGRING 
■335S3G  ELECTRO  &  ACOUS  COUNTERMEASURES 
“  I L I T  AR  V  .'C  I V I L I  AN  ArrL  I C  AT  I ONS  •  ril  L I T  ARV  '' — ■ 

RRinAPV  PROGRAIv  ELEMENT-  8S734N 

FRIOARV  PROJECT  NUMBER'  F34372 

A.  I  r-  t  x  ►.wit*-.  ^  “v  * 

-  rmr:^rr  — rr^^*w*c.L  *•  rtun/rur  rfrtjiirrf-tr:  • 

mrf.i-trr  f^rr-r-M  *  ;tr 


—  ■;  ;  -I  T? 


GRAIrT 

FFFB'CTIVH  DATE  • 

AUG  73 

z-  r-N  A.  %.  l^T* 

ujtm;*!  ■: 

c.  Ar  1  rtt  .*  1  ijty  D« :  c.  • 

JUL  79 

t-tt  s*A^.r-r%  k.x/^.rx.^.  A  A 

nuriDzrr  •  '3 

"C  ‘"./w  i  J  J 

}  T  -Pt  ‘ 

f  }  )  f  5  ^  i  j^“V  ^  ^ 

GR.ANT 

AF’TOUNT  •  5  OS 

UARD  * 

NEU 

GRANT 

fx.  y  It  A.  »T"  T  «  Sr*  »  A. 

L  UnULti  t  1  VC.  i;U£-t-«lT 

TOTAL • 

cc.  ur 


L’Ui/  .  nLTi^^iLZfJ  rTiT;L-i.C T-LJI  t  ■UsT  I  ViT  r 

R£5rDH51BLE  IHL*I vIDUAL  •  HICHGLS.  R  « 

RESrDHSIBLE  IHBIvIDUAG  FHGHE  *  SGE“695"471 j 

L*u’L'*  :  ijjn  LU^^-ttiun  cuL’c*  3iic; 

L’-L;r  ?  iOn  bu-r  ?  j?^cj?c 


<  r^r-v 

D?L  NAS 


— 

i9U 

- 

DGD  ORGAN I 2 AT I ON 

— 

195 

- 

uuv  U;TUHniiiM  ?  iOn 

— 

X  y ; 

- 

DOT'  ORGANIZATION 

— 

SGA 

- 

PERr-ORMIN'G  ORGsAN 

— 

SG'B 

- 

rc.rxr  Lir.n UTxX  . 

— 

S'OC 

- 

PRINCIPA'l  INvEST 

— 

S33 

- 

rv^^*. xz«Tr%A.T  ▼*. X'. 

rr.in-'^  itv^zy  i 

— 

23F 

- 

ASS'OCIATE  IjrJ'EST 

'ZS'*';'  1 

T  »•.'. f"  c>d:<*  <■v^ 

— 

SO?'-? 

PEr-F  D'RGxANIZATI 

— 

S0S 

- 

PEPF ORF:I  N'G  OPG  . 

— 

23T 

- 

— 

22 

- 

*i-s— 1  \x  xt^x^r'.r'  /  X  i  ». 

AZ-ruLj^ijy  •  -v  ; 

— 

— v»-» 

(U>  ELECTRON  TUBE 

:: 

Z»»'.  ♦ZSTtT  TAZ'^'T'^ »— «  *  t  A. 

KU  -^  Til  LL.i r'C  '  CJT  Jij’M 

-  techivical  object 

wEi-  rti-irrj  »e5; 

T».  •#»  C 


f 

o*”  «  * 


QETER  L'mUE  DEUICE5  /(L*) 


“  37  ~  DEECRIPTC'RS  *  ( U  /  ArrPLIr  2ER5  /  <  U )  BROmE’EAItD  :*  ■(  U >  BAHDyiDTH 

(JJ)  nlLLinETER  DAVES  -*(9)  ELECTRON  TUBES  '(U)  DATA  BASES 

S3  "*  TECHNICAL  OBJECTIVE'  (U)  DEVELOP  A  THEORETICAL  UNDERSTANDING  AND  A 

“  TECHNOLOGICAL  BASE  UHICH  CAN  BE  USED  TO  BUILD  GYRGTRON  AMPLIFIERS  UITH 
sfinifiJiLf  I  na  U!i  I  na  urL’ZK  Ur  "fez's 

-  S4  ”  APPrjOACH  ■  tU)  DIELECTRICALLY'  LOADED  GY'ROTRON  TRAvELIitG  UAvE  AMF':,FIER 
STRUCTURES  Ul'e-'e  BE  ANA'j,Y'2EE'  TO  DETERMINE  TnEIR  BANE'UIDTH  AND 
■■  EFrICIENCIES  EXPERIMENTA’i,  STRUCTURES  UIL’l  BE  DESIGNED.  FABRIC ATEE’  A:'tE' 
TESTEE’  TO  vERIEV  THE  ANA'uY'TICAL  RESULTS  ANE'  TO  EXTEND  THE  ONDERSTANE’ING 
OF  GY'ROTRON  OFERATIONA’!.  PARAMETERS. 

S5  -  PROGRESS'  (‘U'z  FINA't,  REPORT  IS  IN  PREPARATION 
“  13  “  OurTfV  unit  ml?u  re 

A  «  ^  fT*  ^  *A  A,  "T*  r~T».  r"  r"v»/ST"\i  c'  fr*  T  r^%  i  T'. 

“  -  c.yfir!,^{t.u  Luru’^LS.  {  iun  vt-nc’  xji/L  ry 


I 


SecumTY  CUASSiriCATICM  this  ^Afit  Dmtm 


REPORT  DOCUMENTATION  PAGE 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


).  neci^iCNT's  CATALoa  numscm 


9.  ^eRFOMMINSOROANIZATION  NAME  AMO  AOCRCSS 


JAYCOR 

205  S,  Whiting  St.,  Alex.,  VA  22304 


I  I.  COMTROI.1.1NO  OmCS  name  AMO  AOORESS 

Office  of  Naval  Research  j 

Arlington,  Virginia  22217  ^ 


NOOOU-78-C-0613  '  " 


10.  pnocKAM  CLSiMSNr.  ^^ojecT.  task 

ARtA  A  WORK  UNIT  NUMSCAj 


12.  ftCPOAT  OATS 

6  March  1 


13.  MUMSCR  OF  PAOSS 


'•4.  mQniTopINC  aGS.sCY  HAmC  4  AOOACSVi^  Irom  C^trotling  0//ie»>  IS.  SSCURlTV  CLASS,  ‘of  this  esport) 

Same  as  block  11  '  UNCLASSIFIED _ _ 


Same  as  block  11  '  UNCL 

/  ts*.  oe 

^  t  i'J'f  _ _ 


IS.  OISTPIIUTION  STATSMeXT 

1  copy  -  Scientific  Officer 
1  copy  -  Administrative  Contracting  Officer 
6  copies  -  Director,  NRL,  Code  2627 
12  copies  -  Defense  Documentation  Center 
1  CODV  -  ONR  Branch  Office-  Pasadena  _  _ 


17.  OfSTRISUTION  STATE.MENT  ("o/  Ui»  thttrmct  tnfnd  In  Black  30,  It  dllfarant  Inai  Rapart) 


ts«.  oecLASSiEiCAnoN/oowMaRAOiNC 

SCHEOUUE 


yocR  publm  khxxso. 
jKsmBunoa  unbieusd 


3.  <SY  NCPCS  (Coniinum  on  rororoo  jitf»  1/  «»d  i4on«<fr  4jr  ttissk  mmbsr) 


2a  ASSTWaCT  CCmninmm  «n  • 


>  i£  imcmarnmr  ootf  fPsauifr  4r  SloeJr  rimAhsr) 


DO,j2InM73  Ew-noM  OR  I  MOV  M  .1 0.MLETE  UNCLASSIFIED 

JCCURlTr  CLASStRICADOM  OR  THIS  RAOE  Omia  Entarap) 


4  •  '  mmoi 


A  ^  ^  // 
s  / 

A  ■'-  4' .'’  ^  /, 


/  ^ 

/^  ^ 

/  6^  A  > 

'  "N  .y  'V 

^  -V  y. 


I.  INTRODUCTION 


■-  /  '  '-y'  /•' 

'\  o'”  V  ' 


*  In  the  past  several  years,  there  has  been  widespread  interests 
in  a  variety  of  wave  generation  devices  based  on  un-neutral i zed  beams 
of  relativistic  or  mildly  relativistic  electrons.  Such  devices  are 
potentially  capable  of  producing  high  power,  with  high  efficiency,  in 
the  centimeter,  millimeter,  and  sub-millimeter  soectral  ranges.  An  > 


example  is  the  electron  cyclotron  maser,  which  has  produced  (“'/TOO  kW 
at  centimeter  wavelengths,  with  efficiencies  ranging  from  30%  -  50%. 

The  gyrotron  mechanism  involves  azimuthal  phase  bunching  of  the 
electron  beam,  which  occurs  during  resonant  interaction  of  the  Doppler- 
shifted  beam  cyclotron  mode  with  a  waveguide  or  cavity  mode^jXiO-^r. 
The  bandwidth  of  the  gyrotron  mechanism  is  typically  of  order  1-2%.  , 


For  various  military  and  communications  applications,  it  could 
be  of  great  interest  to  develop  free-electron  amplifiers  with  wide 
operating  bandwidths,  In  this  report,  we  present  a  linear 

analysis  of  a  new  principle  for  wideband. amplification.  The  basic 
configuration  is  the  use  of  an  annular  electron  beam  drifting  in  a 
dielectrically-loaded  waveguide  4^7-  In  such  a  waveguide,  the 
normal  guide  modes  have  phase  velocities  asymptotic  to j  c/^TT where 
c  is'^the  speed  of  light  a*d — the<di electric  constant^ (assumed 
to  be  isotropic)  of  the  waveguide  lining. '^The  system  is  assumed  to  be 
immersed  in  an  axial  magnetic  field*  sufficiently  strong  to  render 
the  motion  of  the  beam  electrons  one-dimensional.  In  this  case,  — - 
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the  amplification  mechanism  depends  on  axial  charge  bunching  in  the 


Cerenkov  interaction  of  a  longitudinal  space-charge  wave  of  the  beam 
with  the  -  componant  of  a  TM  guide  mode><^ 

The  interaction  we  envision  is  schematically  represented  in 


the  dispersion  diagrams  of  Fig.  3,  where 


p 

=  kV  ±  - ^ 

- 

\  £Y 

are  the  positive  and  negative  energy  beam  modes  and 


are  the  waveguide  modes  for  the  case  of  a  constant  isotropic  dielectric 
material  filling  the  waveguide.  As  can  be  seen  in  Fib.  3a,  where  £=1, 
the  beam  and  guide  modes  do  not  cross  and  therefore  four  distinct  pro¬ 
pagating  modes  are  expected  on  the  entire  k  spectrum,  with  their  dispersion 
characteristics  given  by  slight  modification  of  Eqs  (1)  and  (2)  due  to 
coupling.  On  the  other  hand  however.  Fig.  3b,  when  z  t  1  and  in  particular 
when  e>  (c/V)  the  dispersion  curves  do  cross  and  therefore  growing 
modes  are  expected  due  to  the  interaction.  Most  interesting  appears  to 
be  the  case  when  e  slightly  exceeds  the  value  (c/V)  ,  since  then  strong 
interaction  is  expected  over  a  broad  band  of  frequencies. 

The  above  discussion  applies  also  to  the  topologically  equivalent 
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case  of  a  waveguide  with  partial  dielectric  filling,  for  which  the 
dispersion  curve  is  represented  by  the  broken  line  in  Fig.  3b.  Since 
this  configuration  is  more  compatible  with  c  ~  (c/V)'^,  the  analysis 
of  this  report  is  based  on  the  realistic  geometry  of  Fig.  2. 

In  Section  II,  we  present  the  general  linear  analysis  of  this 
system,  culminating  in  the  dispersion  relation  of  Eq.(ll).  In  Section  III 
the  dispersion  relation  is  solved  analytically  in  a  simple  limiting  case. 
In  Section  IV,  we  present  the  conclusions  of  this  analysis  and  suggestions 
for  future  work  on  this  concept. 
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II.  ANALYSIS 


A.  Physical  Model 

The  configuration  and  geometrical  parameters  are  defined  in 
Figure  2.  The  waveguide  is  a  perfectly  conducting  sylinder  of  radius 
r^.  The  guide  is  lined  with  a  lossless  dielectric  (of  isotropic 
dielectric  constant  e)  in  the  space  r^  ^  r  ^  r^.  The  electron  beam 
is  annular,  filling  the  region  r^  r  <  r^.  The  regions  0  r  <  r-j  , 

r2  <  r  <  rs  are  in  vacuum.  An  applied  axial  magnetic  field 
pervades  the  waveguide.  The  un-neutral i zed  electron  beam  has  purely 
axial  motion;  this  corresponds  to  the  limit  B^  so  that  transverse 
motion  is  suppressed  and  no  cyclotron  interaction  may  occur.  We  assume 
a  cold  uniform  annular  beam,  the  equilibrium  distribution  function  of 
which  is  given  by 

fg  (r,p^)  =  n^H  (r-r^)  H  (r2-r)  5  (p^  -  y^mV)  (3) 

2  -1 

where  =  (1-V  )  and  H(x)  is  the  Heaviside  step  function,  and 

2  2  /* 

where  wr;  =  Amn  e  /y  m. 
b  0  J  0 

As  discussed  in  the  introduction,  when  V>  c//~  so  that  the  un¬ 
perturbed  beam  and  guide  modes  intersect,  we  expect  instability  (Fig.  4). 
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We  seek  to  derive  the  general  dispersion  relation  for  this 
instability,  in  order  to  obtain  quantitative  results  for  the  parameters 
of  interest  for  the  design  and  operation  of  a  device  to  act  as  a  broad¬ 
band  amplifier.  Such  parameters .indicated  in  Fig.  4,  are: 

•  The  optimal  frequency,  for  which  the  amplification 
rate  is  largest. 

•  The  corresponding  spatial  growth  rate,  6kj. 

•  The  cutoff  frequency,  y  ,  corresponding  to  the  modified 
waveguide  curve. 

•  The  upper  cutoff  frequency,  aj.| ,  of  the  unstable  range 

•  The  choice  of  values  for  e,  V,  n  etc  for  which 

oji-w  and/or  ik,  maximize. 

I  m  I 

To  derive  the  dispersion  relation  for  the  coupled  beam-guide 
system  of  Figure  2,  we  consider  TM  .modes  (i.e.,  no  azimuthal  de- 

U  U  jls 

pendence) . 

The  wave  fields  are  given  by 
t  (r.z.e.t)  =  [E^(r)  e^  +  E^(r)  e^  ^ 

t  (r,z,0.t)  =  Bg(r)  eg  e  ^  ^5^ 

where  E2(r)  is  the  solution  of  the  wave  equation 

h^(a),k,r)  |E2(r)  =  0,  (6) 

with  E„  and  given  by: 
r  y 

II-2 


dr 


i'i-) 


k"-e(r)  ^ 
c 
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(r) 


ik _ 

e(r)  oj^/c^-k^ 


(7) 


I 


H 


e 


tjj 

ck 


(8) 


and  =  sE^,  Hg  =  ^9^^  ’  being  the  magnetic  permittivity. 

2 

The  quantity  h  (tjj,k,r)  is  the  plasma  dielectric  function 


2 

h  (a),u,r)  =  1  - 


2 

471-  e 
m  £(r) 


(co  -  kv^)^ 


(9) 


where  the  equilibrium  distribution  function  ^q^'^’Pz^  given  by  Eq.3 
will  be  assumed. 

Using  Eqs,  (4)  -  (9),  the  dispersion  relation  is  obtained  by 
applying  the  boundary  conditions: 


E^  (r4)  =  0  , 

[E^(r)j  =  pg(r)j  =  0  (r  =  r^,r2.r3)  , 

where  ■;i(r)j  indicates  the  jump  in  quantity  vir)  across  the  interface 
at  r.  The  seven  conditions  (10)  yield  the  dispersion  relation. 
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(12a) 
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(12b) 

(12c) 


the  last  expression  being  the  dielectric  for  a  cold  beam,  ^q'~'5(P2  ‘  Pq^ 

and  where  J  ,  Y  (I  ,K  )  are  the  ordinary  (modified)  Benel  functions  of 
m  m  m  m 

order  m.  Equation  (11)  is  the  central  result  of  the  analysis.  It  must 
be  solved  numerically,  giving  the  wavenumber  (Re  k)  and  spatial  growth 
rate  (  -  Im  k)  for  real  uj. 
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III.  APPROXIMATE  SOLUTION  OF  THE  DISPERSION  RELATION 

An  approximate  analytic  solution  of  Eq.  (11)  can  be  obtained  in 
the  limit  where  we  consider  a  thin  annular  beam  at  the  dielectric  inter¬ 
face;  i.e., 

^3  '  '^2^  0;  r^i  h  r^-r^  «  r^  .  (13) 

The  introduction  of  this  limit  is  done  not  just  for  the  sake  of 
the  simplification  and  tractability  it  introduces  to  the  equations,  but 
also  because  it  corresponds  to  that  of  the  most  efficient  operation.  In 
fact,  since  the  waveguide  modes  outside  the  dielectric  material  are  pro¬ 
portional  to  the  modified  Benel  function,  their  amplitude  is  maximum  near 
the  dielectric  interface,  hence,  it  is  desirable  to  place  the  beam  the 
closest  possible  to  the  dielectric  to  maximize  the  coupling  coefficient. 

Under  these  assumptions,  Eq.  (11)  can  be  simplified  to  yield  the 
dispersion  relation 


1 


1,(^2) 

w? 


JlCICgrg}  Jo(>=g‘~4) 


* 


0  , 


(14) 


From  Eq.  (14),  we  may  extract  several  limiting  cases: 
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(a)  If  either  k^r2  »  1  or  k^r^^  =  '  *^2^  «  1 .  we  have 


J^(k^r2)  Yg  (k^r^)  -  Y^(k^r2)  Jo(k£r^) 


ctn  (k^r^2) 


(15) 


gi ving 


1_ 

^  W? 


1^  ctn  (k^n^2)  ~ 


(16) 


(b)  If  kQr2  >>  1 ,  then 


yw 


2  ^^2 


giving 


(17) 


i-  -  f-  ctn  (kjr,2) 

0  C 


+  r2^h^  =  0 


(18) 


Equation  (17)  is  not  valid  near  the  cutoff  u^.  The  result  (18)  is 
indentical  to  that  obtained  in  planar  geometry;  this  is  the  limiting 
case  of  large  aspect  ratio. 


(c)  Near  the  beam  modes,  k^r^2  i'^/2.  and  we  have 


7T 

2 


42 


rjih- 


The  cutoff  frequency  (k  =  0)  is  obtained  from 


(19) 
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'^1 


(20) 


For 


£^r 


42 


»  r^ 


implying  (jJ^r^/c  <  1 ,  we  find 


TTC 


2s  V 


42 


•^c 


For  £''"r^2  ^  ^2 


^  1 ) ,  we  have 


(•21) 


jJq  =  2.405  c/r^  . 


(22) 


Mear  the  beam  mode,  we  have  from  Eq.  (19)  the  form 


(cj  -  kc3) 


1  TT  £ 


[k^(a),k)  '  2  kg((ij,k) 


;kT  ^  ^^'42 


,  V 

21  Yo3 


where  6  =  V^/c. 


Taking  k  =  w/Bc  +  5k,  where  j5k[  «  ik|. 


we  find 


(<5k)^Dg(a.,k)  =  . 


where 

0g(u3,k)  =  ^  -  Jl-  +  £r42 


(23) 


(24) 


(25) 


i:i-3 


JA  YCOR 


expanding  about  k  =  u/Bc  ,  we  have 


(<Sk)  = 


9D„ 


^21^ 

Y^b^c 


2  • 


(26) 


which  can  be  solved  for  5k((jj).  The  maximum  growth  rate  is  obtained  at 

6j  H  for  0Jr„/B^)  =  0,  giving 

m  g  m  m  c 


!u 


m 


TT 

2 


3  1 

/cB^  -  1  - 


(27) 


as  the  frequency  at  which  the  growth  rate  maximizes;  the  corresponding 
growth  rate  is  given  by  the  imaginary  part  of  Bk^^,  where, 


•"o  1 

6k^ 

“^42^ 


=  .  2rp  z 
2 


eB^Y^ 


(28) 


From  Eqs.  (27)  and  (28)  we  deduce  an  important  constraint,  viz ,  that  the 
spatial  growth  rate  and  frequency  bandwidth  are  universely  related.  Large 
growth  rates  can  be  obtained  at  the  expense  of  limited  bandwidth,  and 
vice  versa.  To  see  this,  we  note  that  I(5k|^)’|  maximize  for 

e  >>  1 ;  cS^  -*•  2  ,  (29) 


where  we  set  y~1  (i-e*.  the  beam  is  only  weakly  relativistic).  In  this 
limit,  we  find 


TTC  8 
’"42 


(30) 
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and 


(Sk(,=  1  (l  - 


(l  -  i  /t)  i 

’^21‘^b  TT  (eB^  -  1)' 

A 

\  /  Y 

€6= 

1/3 


(31) 


Thus  in  the  limit  e*  r^2  >  '^2  ^ 


^  =  /SlZ 

'"o  V  sb'-  - 


=  /T 


(32) 


under  the  conditions  (29)  for  which  j ;k  |  is  maximum. 

'  m' 

On  the  other  hand,  the  bandwidth  Bw  is  given  by  the  upper  cutoff  fre¬ 
quency  ojp  where  Imdk  =  0,  as 


,  -  -  3 

luj  -  u,  '  U)„  -  :5— 

1  m  2y 


^  f  (ee>-ir5/2 

U2  ^ 


1/3 


(33) 


Thus  from  (28)  and  (33)  we  find  the  very  useful  relation 


(5u) 


2.18 


clmdk^  eB^  -  1 


(34) 


which  yields  a  maximum  for  at 
e  -►  2,  cB^  -►  1 ,  Y  /2  ; 


(35) 


the  regime  (35)  is  seen  to  be  the  opposite  limit  to  that  of  relation 
(29). 
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IV.  DISCUSSION  AND  CONCLUSIONS 


We  shall  briefly  discuss  the  consequences  of  relaxing  a  simplifying 
assumption  we  have  used  in  the  analysis,  that  the  beam  is  taken  to  be 
cold  and  uniform  in  density.  We  have  neglected  effects  of  temperature  and 
energy  shear.  Across  the  beam,  the  wave  field  is  given  approximately 
(for  «  r^)  by 


'o 


^^(r)  =  0  , 


where 
h^(r)  =  1 


J 


(36) 


(37) 


yMw  -  kv)  ^ 

If  h(r)  is  a  smooth  function,  Eq.  (36)  has  the  WkB  solution 


E-(r)  =  h  exp  (k^  /  h(r)  dr)  . 


(38) 


'We  may  estimate  the  effects  of  energy  spread  and  self  fields  (manifested  in 
the  potential  5(r),  by  taking  an  equilibrium  distribution  of  the  form 


Jh;  ■  ®4i(r)  exp 

.  (pV2m  -  e(i>(r)  -  E^)^ 

L  2  E|,  J 

(39) 


where  is  the  nominal  beam  energy  and  is  a  measure  of  thermal  energy 
spread.  Then  the  quantity  oj^/y’(u)  -  kv)^  used  for  the  analysis  of  a  cold 
beam  is  to  be  replaced  by 
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where  quantities  subscripted  "zero"  are  evaluated  at  the  center  of  the 
beam  and  where 

e6((>  =  ^ 

is  the  potential  energy  drop  between  the  edge  and  the  center  of  the  beam. 
The  energy  shear  associated  with  the  self- fields  has  two  effects: 

(i)  The  effective  beam  density  is  reduced: 


(ii)  The  effective  energy  spread  is  increased: 


IV-2 


JA  YCOR 


Summary 

In  the  analysis  of  Sections  II  and  III  we  have  demonstrated  the 
validity  of  the  dielectric-loaded  Cerenkov  wide-band  amplifier  concept. 

We  have  obtained  approximate  relations  for  the  growth  rate  and  bandwidth, 
revealing  an  important  tradeoff  between  them,  cf.  Eq.  (34),  which  must  be 
considered  in  design  applications. 

An  important  extension  of  this  work  would  be  to  consider  a  nonlinear 
calculation  in  order  to  elucidate  the  saturation  mechanism  (which  we 
expect  to  be  beam  trapping)  and  ultimate  power  levels. 
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FIGURE  CAPTIONS 


Figure  1  -  Dispersion  curves  for  the  waveguide  mode  and  the  electron 
cyclotron  mode  in  the  electron  cyclotron  maser. 

Figure  2  -  Geometry  of  the  Broadband  Amplifier. 

Figure  3a-  Dispersion  curves  for  the  waveguide  mode  and  the  beam  modes 
when  £  -  1 . 

Figure  3b  -  Dispersion  curves  for  the  waveguide  mode  and  the  beam  modes 
when  the  waveguide  is  filled  with  a  dielectric  material  with 
£  >  (c/V)^.  The  broken  curve  refers  to  a  partially  filled 
waveguide. 

Figure  4  -  Wavenumber,  Re(k),  and  spatial  growth  rate,  Im(k)  for  the 
instability  (schematically).  The  solid  curves  indicate  the 
unamplified  propagating  modes. 


JA  YCOR 


END 


DATE 
FILMED 


DTIC 


